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ABSTRACT
Effects of cognitive aging are reliably observed in the P3 ERP component.
Although older adults consistently show an equipotential distribution of P3
activity, the mechanism causing this frontal shift is under debate. Moreover, the
relationship between P3 and neuropsychological functioning in aging may be
able to contribute to this debate, but is largely unknown. The current study used
a novel oddball paradigm to elicit P3 in older adults and correlated amplitude with
measures of working memory and inhibition. The results indicate that medial P3
activity is related to working memory and right-lateralized P3 activity is related to
disinhibition. This suggests that different neural generators of the P3 are affected
differentially by cognitive aging and undergo different forms of neural
reorganization.
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The Relationship between Neural Reorganization and Neuropsychological
Functioning in Normal Aging
The ability of electroencephalography (EEG) to measure cortical activity
non-invasively lends to its increasing appeal as a clinical tool. EEG is a
psychophysiological technique that measures, at the surface of the scalp, voltage
changes caused by synchronized post-synaptic activity in large populations of
neurons. The activity that is measured at the scalp is most likely a summation of
cortical voltage potentials. EEG signals have high temporal resolution (on a
millisecond scale), making it ideal for examining the time course of cortical
activity. Because signals are a summation of all cortical activity, the technique
does not yield precise spatial resolution; however, recent advances in signal
processing allow for improved accuracy for localization of activity. Recorded
potentials are typically analyzed in one of two ways: in the frequency domain or
the time domain. In the frequency domain, the signal is decomposed into various
frequency bands (e.g., theta, 4-7Hz; alpha, 8-12Hz) from which spectral power is
computed. Spectral power within a given frequency indirectly reflects either the
number of neurons that are oscillating at that frequency or the degree to which
they are synchronized. Oscillations within a certain frequency-band work in
tandem with other frequency-band activity, meaning that a recorded scalp
potential is comprised of oscillatory activity across a range of frequencies. When
oscillations across all frequencies are summed and phase-locked to a timelocking event, and then averaged across many trials, an event-related potential
(ERP) can be measured. ERPs are products of time-domain analyses. By
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averaging over many trials (e.g., 50-200), the neural activity that.consistently
occurs following the onset of the time-locked event is preserved (the "signal")
and the random neural activity that is unrelated to the event averages to zero
(the "noise"). The resulting averaged ERP contains a series of components, or
peaks and troughs, of voltage deflections (see Figure 1). Components can be
negative or positive in amplitude, and the specific components present in an ERP
are thought to depend on the task and what cognitive processes are employed.
ERP components are typically named using their polarity (positive or negative
deflections) and their position in the waveform. For example, the first positive
component is called P1; the second negative component is called N2.
P3 Component
One component that has undergone a significant amount of research and
has been implicated as a useful index of cognitive function in a variety of clinical
populations is the P3 component (Gilmore, Malone, Bernat, & lacono, 2010;
Johnson, Allana, Medlin, Harris, & Karl, 2013; Jongsma et al., 2013; Jurgens et
al., 2011). What is commonly referred to as the P3 component is, in reality, a
family of distinct positive components in the time range of approximately 300 to
600ms, although there is a great amount of variance in the latencies reported
across studies. Variations in classic auditory oddball tasks can differentially elicit
various distinct P3 components.1 In a classic oddball paradigm, unpredictable

1Many other experiments report "P3" components elicited by non-oddball tasks (e.g., task
switching paradigms; see Kieffaber & Hetrick, 2005) in which the P3 is the label given
for a positive component peaking after 300ms that likely has a different cognitive
generator than the "oddball P3." For the purpose of this study, only oddball P3
components will be discussed

3

and infrequent deviations from a series of otherwise predictable auditory tones
elicit a P3b that is maximal around 300ms over the parietal region, but only if the
task requires a response upon detection of the deviant stimuli (Polich, 2007).
Alternatively, a similar paradigm, but one that does not require a response, elicits
an earlier positive deflection maximal over frontal regions. This component,
termed the P3a, is only observable in 10-15% of normal young adults (Polich,
1988). Other P3a-like components have been reported using variants of the
oddball task. For example, the "novelty P3" is elicited when infrequent novel non
target distracters (e.g., dog barks) are embedded in a series of more "typical"
tones. This potential is frontally-distributed with a short latency (e.g., 250ms) and
rapidly habituates. When repeated irrelevant stimuli are used as distracters, a
"no-go P3" is recorded centrally over the scalp.
Cognitive Underpinnings of P3
Although similar, these variants of P3 have distinguishing characteristics
and are elicited by different tasks, indicating that they are indexing distinct but
related cognitive processes. The leading theory of oddball processing suggests
that the P3 is an index of context updating (Bonala & Jansen, 2012; Donchin &
Coles, 1988, 1998; Donchin, 1981; Gonsalvez & Polich, 2002; Polich, 2007).
According to the context updating hypothesis, incoming sensory information is
processed and compared to a representation of sensory information stored in
working memory. If there is no change detected between the incoming stimulus
and the representation of stimuli held in memory, then only early sensory ERP
components are produced (N1, P2, N2). If a change is detected, attention is
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directed to the new stimulus and the representation in memory becomes updated
and this updating is reflected by the P3. As target (i.e., deviant) tone probability
decreases, P3 amplitude increases. For example, in a three-stimulus oddball
study, Rosenfeld and colleagues (2005) manipulated the probability and
categorization of stimuli. Participants were presented with target tones (p=.067),
rare non-targets (p=.067), and frequent non-targets (i.e., standard tones, p=.8)
and had to categorize them as either targets or non-targets. Target tones
produced the largest P3 and frequent non-targets produced the smallest P3.
Interestingly, despite the low probability of rare non-targets, they elicited a
smaller P3 than the target tones likely because they were categorized as non
targets which suggests that subjective probability is just as critical to stimulus
categorization as objective probability (Rosenfeld et al., 2005). Moreover, as the
amount of time between target tones increases, amplitude also increases. Taken
together, these findings suggest that the recurrence of target stimuli requires
more context updating as the expectation of recurrence is reduced, and this
could be due to working memory trace decay (Donchin, Karis, Bashore, Coles, &
Gratton, 1986; Polich, 1990a, 1990b; Squires, Wickens, Squires, & Donchin,
1976). P3 is also sensitive to variance in attention allocation. In dual-task
paradigms in which participants' primary task varies in the amount of cognitive
demand while also performing a secondary task--the oddball paradigm~P3 is
smaller when the difficulty of the primary task is increased (Isreal, Chesney,
Wickens, & Donchin, 1980; Kramer, Wickens, & Donchin, 1985; Nash &
Fernandez, 1996; Wickens, Kramer, Vanasse, & Donchin, 1983; Wilson,
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Harkrider, & King, 2012). In effect, P3 is also an index of attention resources,
such that when the task is easy and requires less attention, P3 is greater in
amplitude and has a shorter latency; when a more demanding task requires
allocation of attention, P3 is smaller with a longer latency. As such, passive tasks
produce smaller amplitudes than active tasks because task irrelevant events
require attention allocation. The speed at which a stimulus classification
(detecting, evaluating, arid determining whether a stimulus is deviant or not) is
made is also indexed by the latency of the P3, with faster processing showing
earlier latencies.
As previously mentioned, variants of oddball paradigms produce
subcomponents of P3, including P3a, P3b, novelty P3 and no-go P3. Although
different paradigms are used to elicit P3a, novelty P3 and no-go P3, and earlier
research suggests that the three are distinct subcomponents, more recent
research indicates that the three components are not distinct. For example, a
study by Katayama and Polich (1998) used a three-stimulus oddball task
containing standard stimuli, target stimuli, and distracter stimuli. The target
stimuli were perceptually degraded, making some of them difficult to distinguish
from the standard stimuli and thus requiring additional attention allocation. The
authors observed that the difficult target stimuli produced a fronto-central P3a
identical to the novelty P3. Initial target stimulus processing appears more like a
P3a in that it has a more frontal distribution (Conroy & Polich, 2007; Friedman,
Cycowicz, & Gaeta, 2001). Concomitant with the context updating theory, initial
target stimulus processing indexed by the P3a habituates over frontal regions
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and diminishes as the target stimuli recur, giving rise to the parietal P3b. In other
words, the P3a is a reflection of early stimulus evaluation that engages attention
in order to facilitate memory updating and maintenance which is indexed by the
P3b (Hartikainen & Knight, 2003; Polich, 2007). As incoming target stimuli are
evaluated using a sufficient amount of attention resources, the P3a is generated
over the frontal cortex; when a stimulus classification has been made by the
attention-driven process, the stimulus characteristics are then updated and
maintained in working memory in parietal regions, thus producing the P3b. As
target stimuli recur during the oddball task, the P3a habituates and becomes
attenuated as the target stimuli become less novel (Polich, 2007; Polich &
Mclsaac, 1994).
Cognitive Aging
The P3 component is a good candidate for clinical applications because it
is reliably measured and can assess several cognitive processes, including
change detection, attention, and working memory. A condition for which P3
integrity could be relevant is normal aging. Age-associated cognitive decline in
healthy adults can begin as early as the 20s and 30s, although decline
accelerates at older ages (Salthouse, 2009). Adults over the age of 60 have
significantly poorer performance on a variety of tasks, including deficits in
working memory (Clapp, Rubens, Sabharwal, & Gazzaley, 2011; SchneiderGarces et al., 2009; Zanto, Toy, & Gazzaley, 2010), processing speed (Rush,
Barch, & Braver, 2006; Salthouse, 1996, 2000), and attention (Chao & Knight,
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1997; Verhaeghen & Cerella, 2002; Wasylyshyn, Verhaeghen, & Sliwinski,
2011 ).

Converging neurological evidence suggests that these cognitive deficits
are associated with age-related structural and functional changes in the brain
(Davis, Dennis, Daselaar, Fleck, & Cabeza, 2008; Davis, Kragel, Madden, &
Cabeza, 2012; Michielse et al., 2010; Schuff et al., 2012). For example, using
diffusor tensor imaging, researchers have demonstrated a link between white
matter integrity in anterior brain regions with general processing speed and
working memory performance, while white matter integrity in posterior regions
was associated with performance on task-switching tests and inhibition.
Specifically, age-related degradations in white matter corresponded with poorer
performance on these cognitive tasks (Kennedy & Raz, 2009). In addition to
structural changes, older adults also process information differently than younger
adults. For example, using EEG to record mismatch negativity (MMN) in young,
middle age, and older adults, Ruzzoli and colleagues (2012) found that older
adults did not show MMN--a neurological index of sensory memory-when the
inter-stimulus intervals were long (i.e., 4 seconds). The authors interpreted this
as evidence that maintenance of sensory memory is impaired in normal aging.
The same study found that the amplitude of the MMN correlated negatively with
performance on a memory recall test, indicating that participants with attenuated
MMN also exhibited behavioral memory deficits. In a dual-task processing study,
Hartley, Jonides, and Slyvester (2011) found that older adults had greater
prefrontal and occipital activation during a high-overlap dual-task condition when
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compared with young adults. The amount of additional frontal activation also
correlated positively with performance on the dual-processing task. This
evidence supports the hypothesis that older adults recruit additional neural
resources in order to facilitate task-switching and task-interference reduction
(Hartley, Jonides, and Sylvester, 2011).
Posterior-anterior shift in aging. A consistent finding in the cognitive
aging literature is the posterior-anterior shift in aging (PASA). Neural activity of
older adults, relative to younger adults, shows a shift of activation from occipital
and parietal regions to the frontal region (Davis et al., 2008; Dennis & Cabeza,
2008; Grady et al., 1994; Hazlett et al., 1998; St Jacques, Dolcos, & Cabeza,
2010). This shift in activation has been found during performance of various
tasks, including attention (Ansado, Monchi, Ennabil, Faure, & Joanette, 2012;
Grady et al., 1994; Madden et al., 2010), working memory (Cappell, Gmeindl, &
Reuter-Lorenz, 2010; Dennis et al., 2008; Grossman et al., 2002), novelty
detection (Fabiani & Friedman, 1995; Solbakk et al., 2008), and visuospatial
processing (Meulenbroek, Petersson, Voermans, Weber, & Fernandez, 2004;
Nyberg et al., 2003). Interestingly, the PASA has been documented when there
are no age-related differences in cognitive performance, suggesting that it may
facilitate performance (Cappell et al., 2010; Davis et al., 2008; Grady et al.,
1994). Efforts to understand why there is a reorganization of neural activity in
aging have produced two hypotheses for explaining the functional significance of
the PASA: the compensatory hypothesis (Reuter-Lorenz, 2008) and the reducedinhibition hypothesis (Fabiani, Friedman, & Cheng, 1998).
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The compensatory hypothesis. Since the first reported observation of
PASA, many researchers have attributed it to compensatory mechanisms. The
theory holds that older adults recruit more frontal resources in order to
compensate for perceptual deficits in posterior regions. It therefore predicts that
age-related increases in frontal activation should positively correlate with
performance on cognitive tasks while also negatively correlating with parietal
activation (Reuter-Lorenz, 2008). Support for these two predictions has been
well-established, albeit rarely are both predictions confirmed in a single study
(Davis et al., 2008). In one such study testing memory for complex scenes,
successful memory in older adults was associated with increased prefrontal
activation, compared to medial temporal lobe activation in younger adults
(Gutchess et al., 2005). Moreover, among older adults, prefrontal activity was
negatively correlated with medial temporal lobe activity. Studies from ReuterLorenz's lab have demonstrated that these compensatory strategies are
dependent on task demands. For example, older adults performed similarly to
younger adults during a low-load working memory task, although they recruited
additional resources in the dorsolateral prefrontal cortex. However, at higher
loads, younger adults had greater frontal activation and performed better than
older adults (Cappell et al., 2010; Reuter-Lorenz & Park, 2010). These findings
suggest that people, regardless of age, recruit additional frontal resources to
complete more difficult tasks, and that older adults may engage this system
earlier than younger adults, which allows them to perform comparably to younger
adults. However, this system that engages load-dependent recruitment is not
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sufficiently activated in older adults at higher levels of difficulty, leading to the
observed under-recruitment and performance deficits (Cappell et al., 2010;
Logan, Sanders, Snyder, Morris, & Buckner, 2002; Reuter-Lorenz, 2002).
The reduced inhibition hypothesis. The other major account of agerelated changes in neural activation, the reduced inhibition hypothesis, suggests
that older adults cannot activate neural networks as efficiently or effectively as
younger adults (Gazzaley et al., 2008; Gazzaley, Cooney, Rissman, &
D’Esposito, 2005; Schneider-Garces et al., 2010). Specifically, frontal inhibitory
processes are weakened through the course of aging, and these inhibitory
deficits cause reductions in older adults' abilities to maintain distinct neural
representations (Fabiani, 2012). When working optimally, frontal mechanisms
(namely, inhibition) maintain sharp distinctions between the neural representation
of relevant stimuli ("signal") and those of irrelevant stimuli ("noise"); however,
when these top-down mechanisms are deficient, as with normal aging, the result
is a lower signal-to-noise ratio and diffuse upregulation of perceptual processing
(Fabiani, 2012; Schneider-Garces et al., 2010). This theory receives both
behavioral and electrophysiological support. Using a visual discrimination task,
Spear (1993) found that older adults need more perceptual contrasts to be able
to detect differences in stimuli. Importantly, this deficit in perceptual
discrimination is not entirely due to reductions in perceptual acuity. In a face
discrimination task, older adults showed reduced neural activity relative to
younger adults in fusiform regions when discriminating between similar but
slightly different faces. Reduced activity also corresponded with poorer
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performance on the task (Park et al., 2004). Inefficient-processing theorists
interpret the PASA as evidence of inefficient frontal mechanisms which cause
perceptual deficits. However, although the increased frontal activity and
decreased parietal activity may directly reflect top-down driven inefficiency of
perceptual processes, it could also, in line with the compensatory hypothesis, be
an indicator that the brain is compensating for perceptual inefficiencies by
recruiting more frontal resources. Both hypotheses are supported by the robust
finding that changes in frontal regions corresponds with changes in posterior
regions (for review, see Goh, 2011).
Although the cause of the perceptual deficits remains uncertain, whether it
is due to top-down inefficiencies of frontal networks or bottom-up sensory
deficits, the cognitive and behavioral sequelae of these deficits are more
established. Older adults experience robust deficits in working memory (Braver &
West, 2008; Emery, Heaven, Paxton, & Braver, 2008; Gazzaley et al., 2005;
Salthouse & Meinz, 1995), which are often observed in poor performance on nback and digit span tests. Deficits in working memory may be due to perceptual
deficits, specifically the inability to maintain distinct neural representations of
stimuli. It is possible that different stimuli are not represented differently for older
adults, and so the maintenance of and manipulation of different stimuli is less
accurate (Fabiani, 2012; Friedman, Nessler, Johnson, Ritter, & Bersick, 2007;
Schneider-Garces et al., 2010). Increased frontal activation could be a reflection
of inefficient working memory (i.e., maintenance and manipulation of
information) caused by perceptual deficits (which could potentially be caused by
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poor inhibition) or could reflect compensatory mechanisms for perceptual deficits
which ultimately result in working memory deficits when the compensatory
mechanisms are insufficient.
Hemispheric differences. In addition to the PASA, age-related
hemispheric differences have been reported, albeit with mixed evidence (Dolcos,
Rice, & Cabeza, 2002). Some evidence suggests that older adults recruit
additional bilateral resources in frontal regions (Cabeza, Anderson, Locantore, &
McIntosh, 2002; Cabeza, 2002; Tsujii, Okada, & Watanabe, 2010). For example,
an fMRI study by Reuter-Lorenz et al. (2000) found that PFC activity during a
spatial working memory task was right lateralized and verbal working memory
was left lateralized for younger adults, but frontal activity was bilateral for both
tasks among older adults. A study comparing middle-aged and younger adults
using an N-back task found a similar pattern of lateralized activity in younger and
bilateralization in middle-age. This suggests that reductions in hemispheric
assymetry occur before old age (Dixit, Gerton, Dohn, et al., 2000). The
hemispheric asymmetry reduction in old adults (HAROLD) model seeks to
explain these findings. The hypothesis does not make clear what function
hemispheric asymmetry reduction serves. It is plausible that bilateral recruitment
is yet another mechanism through which the aging brain compensates for
cognitive deficits elsewhere. Supportive evidence is seen in older adults who
recruit bilaterally in frontal regions perform better on verbal and spatial working
memory tasks than those who have more lateralized activation (Reuter-Lorenz et
al., 2000). On a task with varying degrees of difficulty, bilateral recruitment
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improved performance for older adults at levels of difficulty for which unilateral
processing was sufficient for younger adults (Reuter-Lorenz, Stanczak, & Miller,
1999). It is possible that dedifferentiation accounts for this pattern. As adults age,
the neural specialization of various cognitive processes becomes less distinct
through dedifferentiation (De Frias, Lovden, Lindenberger, & Nilsson, 2007; Goh,
2011). Thus, bilateral recruitment may be a hallmark of dedifferentiation.
Conversely, there is evidence to the contrary: older adults show lateralized
activation during some tasks (Chen et al., 2011; Gerhardstein, Peterson, &
Rapcsak, 1998; Goldstein & Shelly, 1981; Sergent, Ohta, & MacDonald, 1992;
Vanhoucke, Cousin, & Baciu, 2013). The right hemi-aging model posits that the
right hemisphere undergoes greater age-related cognitive decline than the left.
Studies have shown that older adults have performance deficits on tasks that are
known to be right-lateralized rather than left-lateralized (Chen et al., 2011;
Goldstein & Shelly, 1981). However, age-related differences on tasks of spatial
and verbal processing have been eliminated when task-complexity is controlled
(Berlingeri, Danelli, Bottini, Sberna, & Paulesu, 2013; Elias & Kinsbourne, 1974).
The evidence appears to be inconclusive (Dolcos et al., 2002; Gerhardstein et
al., 1998), although this may be due to methodological issues. For instance, a
study by Weissman and Banich (2000) demonstrates that simpler tasks do not
involve interhemispheric connectivity, while more complex tasks do require
bilateral recruitment. Furthermore, the inconsistencies reported in support of the
right hemi-aging model do not take into account different cortical regions. For
instance, the right hemisphere of the posterior region has been shown to be
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more vulnerable to age-related cognitive decline relative to the left on a visual
discrimination task (Gerhardstein et al., 1998), which is consistent with both the
i

compensatory and reduced inhibition accounts of PASA.
There is consensus that older adults recruit more frontal activation, but
less agreement on whether they employ bilateral recruitment and what possible
regional differences in bilateral recruitment exist. Despite this uncertainty, it is
clear that two leading hypotheses support both types of neural reorganization:
compensatory and reduced inhibition. In an attempt to reconcile these two
theories, Fabiani (2012) suggests that older adults have a reduced ability to
maintain distinct neural representations which causes poor working memory that
is driven by top-down deficits in inhibition. However, because individual
differences cause variance in working memory capacity between older adults, the
discrepancy between the difficulty of the task and working memory capacity
initiates a compensatory mechanism to facilitate performance. Therefore,
according to this account, the PASA and bilateral recruitment commonly
observed in aging are both products of the same age-related declines in topdown control.
Protective factors. Not all older adults exhibit similar patterns of
reorganization or perform similarly on cognitive tasks. In a hypothesis
championed by Stern (Corral, Rodriguez, Amenedo, Sanchez, & Diaz, 2006; Y.
Stern, 2002, 2009), individuals vary in the amount of brain reserve they have.
Brain reserve comes from the physical properties of the brain, including neuronal
count and brain size. Effects of damage to the brain, whether through aging or
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various other mechanisms, can be moderated by brain size or neuronal count
because there is enough neuronal mass to withstand damage up to a certain
threshold (Steffener & Stern, 2012; Stern, 2009). Cognitive reserve, in turn,
makes use of the available brain reserve to perform various tasks. Thus, at any
given performance level, older adults with greater disadvantageous changes in
the brain should have greater cognitive reserve. Researchers have reported
numerous variables that correlate with cognitive reserve, including years of
education (Stern, Alexander, Prohovnik, & Mayeux, 1992), cohesion of social
networks (Bennett, 2006; Fratiglioni, Wang, Ericsson, Maytan, & Winblad, 2000),
participation in leisure activities (Scarmeas et al., 2003; Scarmeas, Levy, Tang,
Manly, & Stern, 2001; Wilson et al., 2002), and IQ (Alexander et al., 1997).
Experiments testing the effect of education of cognitive outcomes and neural
activation in older women have demonstrated that women with high education
levels perform comparably to younger women. Moreover, the same studies
showed that educated older women also had increased frontal activity. These
effects were not seen in younger women or in older women with less education
(Czernochowski, Fabiani, & Friedman, 2008). Structural evidence for educational
protective factors shows that frontal axonal connectivity is greater in older adults
with more education (Gordon et al., 2008).
Aging and P3
The P3 component is an suitable candidate to study for the effects of
aging on cognitive function and neural reorganization because the PASA and
hemispheric differences are easily observed in this component and it has been
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shown to be mediated by protective factors (McDowell, Kerick, Santa Maria, &
Hatfield, 2003). Using variants of auditory oddball paradigms, researchers have
been able to measure how older adults process repeated task-relevant stimuli
and task-irrelevant stimuli, and how neural reorganization is used to facilitate task
performance. Work by Fjell and colleagues (Fjell & Walhovd, 2005; Walhovd &
Fjell, 2003) has demonstrated that age positively correlates with the latency of
P3b, which is consistent with the slowed general processing speed account. The
same researchers have found that age negatively correlates with amplitude of
P3b (Walhovd & Fjell, 2003). Citing the context-updating hypothesis of P3b,
Brumback and colleagues (2005) correlated operation-span (OSPAN)
performance--a measure of working memory during distracting conditions-with
P3b amplitude. Reasoning that larger P3b amplitudes are an index of greater
reaction to changes in stimuli that require more effort to update, the researchers
found that low OSPAN-scoring subjects (those with poorer working memory) had
a greater P3b amplitude to target stimuli, regardless of age. These results
support the hypothesis that working memory is related to the amplitude of P3b in
aging. Conversely, others have found an age-related reduction in P3b amplitude.
A consistent finding in the aging literature is that P3b distribution becomes more
equipotential (i.e., more evenly distributed across the cortex) with age (Fogelson,
Shah, Bonnet-Brilhault, & Knight, 2010; Friedman, Kazmerski, & Fabiani, 1997;
Riis et al., 2008), a finding consistent with the PASA observation. The main
hypothesis accounting for the frontal shift of the P3b states that older adults have
greater difficulty with automating contextual updating of target stimuli and this
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requires sustained working memory engagement dependent on frontal activation
(Fogelson et al., 2010). Older adults continually recruit frontal resources to
process stimuli that should have formed a mental representation in working
memory but haven't yet. An alternative explanation is that the frontal activation is
generated by a frontal component that is separate from the parietal component.
In this view, the frontal component is activated in older adults but not younger
while the parietal component is active in both (Friedman et al., 1997). This
explanation is compatible with the compensatory theory in that the posterior
neural generator of the P3b may not be sufficient enough to facilitate good task
performance, thus recruitment of a unique frontal process is necessary
(Friedman et al., 1997; Walhovd & Fjell, 2003).
Younger adults show increased frontal activation for the earliest
presentations of target stimuli, but it diminishes with increasing repetitions of
targets and posterior regions then become the single focus of neural activation
(Friedman, Kazmerski, & Cycowicz, 1998; Richardson, Bucks, & Hogan, 2011;
Weisz & Czigler, 2006). In a recent novelty oddball study by Richardson et al.
(2011), younger adults showed habituation to non-targets after repeated
presentation of target stimuli, whereas in older adults, the P3a did not diminish
and continued to be elicited to target tones throughout the experiment.
Importantly, however, this study did not find evidence that degree of habituation
has any relationship with cognitive performance on a working memory task.
Fabiani et al. (Fabiani & Friedman, 1995; Fabiani, Low, Wee, Sable, & Gratton,
2006; Schneider-Garces et al., 2010) argued that older adults continue to
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process repeated but rare stimuli as novel stimuli because of deficits in working
memory, namely memory trace decay that arises in part due to their poor
inhibition and susceptibility to stimulus interference. The frontal P3a seen in older
adults is also observed in younger adults who have low cognitive flexibility. In a
study using scores on the Raven Progressive Matrices task as a measure of
frontal lobe function, younger and older adults were grouped into high- and lowscorers. Interestingly, both younger and older adults who scored low on the RPM
had a more frontal P3, and this effect was even greater for older adults
(Brumback, Gratton, & Fabiani, 2011). However, it is unclear if the additional
frontal recruitment measured by the P3a is an indicator of reduced efficiency
either due to compensatory mechanisms or disinhibition (Fabiani, 2012).
Bilateral differences in the frontal distribution of the P3 have been less
studied than the PASA and are less consistent. Friedman et al. (2007) suggests
that the frontal distribution of P3 in older adults observed across a variety of
oddball paradigms arises from the continued reliance on frontal processes to
encode stimuli. Therefore, differences in task designs may account for
differences in the characteristics of the frontal distribution. For example,
Friedman and colleagues (Fabiani et al., 1998; Fabiani & Friedman, 1995;
Friedman, Kazmerski, & Fabiani, 1997) have demonstrated that in younger
adults, the P3 elicited by targets is bilateral in parietal regions for younger adults,
whereas for older adults, activity is bilateral in both frontal and parietal regions.
Alternatively, in a group of older adults with age-associated memory impairment,
Anderer et al. (2003) demonstrated that P3a is right-lateralized over anterior
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medial locations, suggesting that the discrimination process that is critical to the
generation of the P3 may be localized to right frontal locations (see Alexander et
al., 1995).
Because it is an objective measure of cognitive functioning and is not
affected by motivational states (see Walhovd & Fjell, 2003), the P3 can elucidate
non-observable cognitive processes in older adults. It is conceivable that
characteristics of P3 in older adults may provide clinicians with useful indicators
of cognitive function in normal aging, particularly when changes are not
registered by traditional neuropsychological evaluations. In clinical practice, the
main approach to assessing cognitive aging is neuropsychological testing;
however, the relationship between P3 and traditional neuropsychological tests is
largely unknown. Although a limited amount of research has been conducted to
explore this relationship (Fabiani et al., 1998; Fjell & Walhovd, 2003; Walhovd &
Fjell, 2001, 2003), there is still uncertainty about what cognitive processes give
rise to aging deficits commonly measured using neuropsychological tests and
whether P3 is an objective measure of the same processes that are assessed by
neuropsychology tests. Moreover, the relationship between traditional
neuropsychological tests and neural reorganization, either an anterior shift or
hemispheric differences, as indexed by P3a and P3b, is uncertain. The current
study was designed to add to the burgeoning literature on the relationship
between neuropsychological functioning and neurophysiological functioning in
aging.
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Using a task designed to be practical in clinical settings, the P3 in older
and younger adults was measured. Older adults underwent a battery of
neuropsychological tests to evaluate the relationship between neural
reorganization--PASA and hemispheric differences-and cognitive performance.
Consistent with the PASA, it was expected that older adults will exhibit more
equipotential distribution of neural activity relative to younger adults who will
show more activity over the parietal region. If neural reorganization is
compensatory, as suggested by Reuter-Lorenz's compensation hypothesis,
frontal activity should positively correlate with tests of frontal functioning, namely
working memory. Alternatively, if reorganization is reflective of frontal inefficiency,
frontal activity should correlate negatively with tests of inhibition. Older adults are
also expected to demonstrate less habituation to deviant tones relative to
younger adults. Because reduced habituation has been proposed to be related to
reduced working memory, it is hypothesized that this effect in older adults will be
related to measures of working memory. Predictions regarding hemispheric
differences in aging were less clear. It was expected that older adults will either
show bilateral distribution as a reflection of compensatory processes and that
bilateral activity will correlate with improved working memory performance, or
they will show evidence of right-hemisphere lateralization in support of the righthemisphere aging model.
Method
Participants
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Nineteen older participants (8 female) with a mean age of 84.5 years
(SD=7.23) were recruited from local retirement communities and received
financial compensation in exchange for participation. Three participants were
excluded due to being prescribed acetylcholinesterase inhibitors (1), failure to
follow task instructions (1), and for below-chance performance on the N-back
task (1). Older participants had an average of 16.7 years of education (SD=2.24).
Nine older participants reported having impaired hearing and four of them had
corrected hearing. Twelve younger participants (8 female) with an average age
of 20.2 years (SD=1.19) were recruited from the College of William and Mary and
received partial course credit for their participation. All participants were
screened for histories of neurological conditions (e.g., stroke, dementia,
Parkinson’s disease, epilepsy, brain injury), loss of consciousness, and
psychosis. The experiment was conducted with written informed consent in
accordance with institutional ethics protocols.
Materials
Neuropsychological Battery. Tests of neuropsychological functioning
were completed by participants using computerized versions of standard
neurocognitive assessments and one experimenter-administered questionnaire.
Working memory was assessed using an N-back test (Borkowska, Drozdz,
Jurkowski, & Rybakowski, 2009); inhibition was measured using an anti-saccade
task. This task tests the ability of participants to suppress an automatic prosaccade in order to complete a non-reflexive goal-directed behavior. Moreover,
through single-cell and lesion studies, performance on anti-saccade tasks has
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been shown to be related to a deficit in top-down inhibition (Munoz & Everling,
2004) Global cognition was measured using the Saint Louis University Mental
Status Examination which was developed in response to criticisms of the MMSE
and is more sensitive to mild cognitive impairment (SLUMS; Tariq, Tumosa,
Chibnall, Perry, & Morley, 2006).
The N-back task was generated and recorded using E-Prime software
(Psychology Software Tools, Inc., Pittsburg, PA). Stimuli were presented
centered on a 12-inch screen. Responses were made on a keyboard on which
keys that were necessary for responses were highlighted to reduce confusion in
participants with minimal familiarity with computers. Calibrations and the
experimental procedure for the eye tracking task were run using ClearView 2.7
software (TOBII Technology, Sweden). Data were collected using a Tobii x50
eye-tracking monitor which uses infrared corneal reflection to record X and Y
coordinates of participants’ gaze direction at 15Hz. The eye tracker was mounted
below a 19-inch LCD computer monitor. During the task, fixation and cue stimuli
were black crosshairs over a white background.
The Saint Louis University Mental Status Examination (SLUMS; Tariq,
Tumosa, Chibnall, Perry, & Morley, 2006) was used to measure cognitive deficits
in older adults. It is a 30-point, 11-item screening tool designed to be sensitive to
early stages and mild forms of neurocognitive disorders. The screening takes
less than 10 minutes to administer and provides scores indicating whether
participants are normal, or have either mild neurocog nitive impairment or
dementia.
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Psychophysiological Battery. Electroencephalographic recordings were
made using fabric caps bearing 72 Ag-AgCI sintered electrodes while participants
were seated in an electrically shielded booth. Data were recorded continuously at
2000 samples per second using a DBPA-1 Sensorium bio-amplifier (Sensorium
Inc., Charlotte, VT) with an analog high-pass filter of 0.01 Hz and a low-pass filter
of 500 Hz. EEG recordings at 28 cortical channels were made using a forehead
ground and a reference at the tip of the nose. Vertical and horizontal eye
movements were recorded from peri-occular electrodes placed on the superior
and inferior orbits and from electrodes placed at the lateral canthi respectively.
All impedances were adjusted to within 0-20 kilohms at the start of the recording
session.
Procedure
Upon arrival to the research suite, participants were verbally informed of
the testing procedure and were asked to provide written informed consent. After
providing consent, participants’ medical histories and demographic information
were documented, followed by a series of computerized neurocog nitive tasks,
which was comprised of (in order) the N-back and the anti-saccade task.
Following neurocog nitive testing, participants completed the EEG portion of the
experiment. Lastly, participants were administered the SLUMS questionnaire by
an experimenter. Upon completion of the SLUMS, participants were
compensated for their participation and testing was thereby complete. The
procedures for the n-back, eye tracking, and EEG tasks follow.
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N-back. The N-back task consisted of 15 target letters and 25 non-target
letters per block. Letters included the entire alphabet except vowels. Letters were
displayed on screen, one at a time, for 500ms with a 3000ms interstimulus
interval. Participants were instructed to determine whether the onscreen letter
matched or did not match the letter that was displayed either 1 or 2 letters back
during the 1-back or 2-back blocks, respectively. Participants had to press 1 on
the keyboard when the letter on screen matched the nth letter back and to press 2
on the keyboard when it did not match. For each task type (1- or 2-back),
participants completed one block of trials, with self-controlled break between
blocks. Before the start of each block, instructions were displayed onscreen and
presented in conjunction with verbal directions of the researcher to ensure
understanding. Following task instructions for each block, participants were given
opportunities to practice the N-back task for 9 trials (of which 3 were target
letters). At the end of each practice, they were provided with a percentage for
accuracy and an option to proceed to the task or repeat instructions and the
practice trials. No participant completed more than 2 practice blocks. The 1-back
was completed before the 2-back. Data were scored for percentage of correct
responses, which was the combined number of hits and correct rejections
relative to total number of responses. An overall N-back score consisting of both
the 1-back and 2-back was recorded. Trials on which participants did not respond
were not included in any counts.
Anti-Saccade. For the anti-saccade task, participants were seated 75cm
away from the computer monitor with their heads stabilized in a chin rest.
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Calibrations were made using a 5-point sequence of blue circles. Accuracy of the
calibration data was reviewed by the experimenter and repeated if necessary.
Prior to the start of the anti-saccade task, participants were verbally instructed to
fixate on a central crosshair until a cue appeared, at which time they were to look
in the opposite direction of the cue. Before beginning the task, participants twice
demonstrated understanding by correctly pointing towards the location they were
expected to look during two practice trials. The anti-saccade task followed a step
paradigm, in which a fixation stimulus disappears at the same time a cue
appears. The fixation stimulus stayed on screen for 2000ms. In synchrony with
the offset of the fixation stimulus, a peripheral cue appeared on screen and
varied in two dimensions: degrees and hemisphere. The cues appeared either
5°, 10°, or 15° to the left or right of the central fixation stimulus. Cues were
visually identical to the central fixation point and were displayed onscreen for
1000ms. An inter-trial interval of 1000ms separated the offset of the cue and the
onset of the subsequent fixation point for the next trial. Trials were presented
pseudo-randomly such that each combination of degrees and hemisphere was
presented five times, for a total of 30 trials. The same sequence was given to
each participant. The variable of interest in the anti-saccade task was number of
direction errors, defined as any trial on which participants looked towards the cue
or failed to look away from the location of the fixation point when it went off
screen.
Electroencephalogram. A novel task, the Auditory Neural Indices of
Mental Status in Alzheimer’s (ANIMAL), was developed to evoke multiple brain
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potentials which are associated with Alzheimer’s disease and a variety of other
conditions, including aging, in a minimal amount of time in order to increase the
clinical feasibility of the task (Kieffaber & Hershaw, in preparation). In addition to
P3, MMN and P50 components were also elicited in this task. However, they
were not germane to the goals of this experiment and were thus excluded from
analysis. The task was a sequence of auditory tones that included standard
stimuli and 150 experimental stimuli: 50 frequency deviant tones, 50 ISI deviant
tones, and 50 click pairs. For each experimental stimulus, there were at least 6
standard tones, with an average of 10 standard tones for each. The number of
standard tones preceding experimental stimuli varied randomly. Twenty standard
tones were presented at the start of the experiment to familiarize participants with
the standard tones. Standard tones were 50ms 500Hz sinusoidal waves with a
5ms rise and fall. The stimulus onset asynchrony for standard tones was 600ms.
The frequency deviant tone was identical to the standard tones except that its
frequency was 1000Hz. Fifty click pairs were embedded randomly into the inter
stimulus interval of standard tones. Fifty trials of ISI deviant tones were also
randomly interspersed into the ANIMAL task. These tones were identical to
standard tones; however, the inter-stimulus interval between a standard tone and
an ISI deviant tone was shortened to 250ms. Because ISI deviant tones were
acoustically identical to standard tones, the probability of the occurrence of a
frequency deviant tone was 3%. The order of the experimental stimuli varied
randomly for each participant. After half of the experimental stimuli had been
presented, participants were given a break for which they controlled the duration.
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Task instructions included sample 500Hz tones and 1000Hz tones. Prior to
beginning the task, participants were instructed to press a response button on a
game controller when they detected the higher pitch tones (the frequency deviant
tones). The response capture window was the duration of the inter-stimulus
interval.
EEG data were analyzed off-line using customized software written in
Matlab. Data were then corrected for ocular artifact using independent
component analysis (Jung et al., 2000). Data were time-locked to frequency
deviant tone onset and segmented between -200ms and 650ms. For ERP
analysis, data at channels Fz, Cz, and Pz were filtered using a 30Hz low-pass
Butterworth filter, and baseline corrected over the pre-stimulus interval.
Segments with values exceeding +/-100 pV were excluded from further analysis.
After segmentation, filtering, and artifact rejection, EEG data were grand
averaged to produce an ERP. Visual inspection of the grand average, in
conjunction with knowledge of well-established characteristics of P3, resulted in
selection of the P3 component between 200 and 400ms (Figure 2). Mean P3
amplitude was computed between these 200 and 400ms and mean latency was
measured using the 50% fractional area latency between 200 and 400ms at
channels Fz and Pz.
Because the measurement of P3a can be complicated by its temporal
overlap with surrounding ERP components (Min Jing, Sanei, & Sumich, 2004),
independent component analysis (ICA) was applied to the data to quantify the
P3a on a trial-by-trial basis. ICA is a blind-souce separation procedure that is
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analogous to factor analysis of a psychological questionnaire. The aim of the ICA
is to re-represent highly correlated multi-channel EEG data as the sum of a
series of independent “components” (Makeig, Bell, Jung, & Sejnowski, 1996).
Each of the ICA components is representative of activity of a single neural source
and can be thought of as representing the activity recorded from a “virtual
electrode.” The goal of this analysis was to gain improved spatial and temporal
resolution of the P3a by separating that activity from surrounding ERPs in both
time and space. An ICA was run for each participant and the resulting ICs from
all participants were clustered using k-means clustering algorithm. The solution
was constrained to eight clusters and 15% residual variance. Clustering was
based on topography and time course of the ICs. Based on a priori knowledge of
the spatial and temporal characteristics of P3, two lateralized component clusters
were identified which were maximal over frontal areas at approximately 300ms
(Figure 3). Two older participants only contributed independent components (ICs)
to one cluster (one left and one right), whereas the remaining older adults each
contributed at least one IC to both the left and right clusters. Amplitudes of both
the right P3a ICs and the left P3a ICs were measured by averaging across all
trials between 200 and 400ms. Amplitudes of the same components were also
computed for the first half ("Block 1") and second half ("Block 2") of trials for both
hemispheres. A difference score was calculated by subtracting the amplitude of
Block 1 from Block 2 to render a measurement of habituation for both the left and
right hemispheres to submit to planned correlations.
Results
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Cognitive Performance
Table 1 shows descriptive statistics of older adults' performance on the
neuropsychological assessments. The average score on the SLUMS for the older
adults was 22.56 (SD=3.77), which falls into the "mild neurocog nitive disorder"
(MNCD) range (Tariq et al., 2006). A one-sample t-test confirmed that the
average score in the present sample was not significantly different from the
reported norm, 22.3 (SD=2.1), for the MNCD range. Target tone (i.e., the
frequency deviant tone) detection accuracy was computed in both age groups
using the percentage of correct hits. The accuracy data were submitted to an
independent samples t-test. Results indicated that there was no significant
difference in accuracy between older (M=71.35%, SD=26.96) and younger
(M=82.50% , SD=13.97) adults, f(26)=-1.303, p=.204. Response time data were
submitted to a t-test to compare age differences in the response times for correct
hits. A marginally significant difference confirmed that older adults (M=506.85ms,
SD=85.99) were slower at responding to the deviant tones than younger adults
(M=452.31ms, SD=59.95), f(26)=1.878, p=.072.
Age Differences
Latency differences. Average P3 latency was submitted to a 2 (region:
parietal/frontal) X 2 (age: older/younger) repeated measures ANOVA to test for
age differences. A main effect of age was reported, F(1,26)=20.682, p<.01. Older
adults had significantly longer P3 latencies (M=354.61, SD=6.153) than younger
adults (M=311.86, SD=7.11). As depicted in Figure 4, a marginally significant
interaction between age and region was reported, F(1,26)=3.208, p=.085. Older
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adults had longer latencies over the parietal region compared to frontal, whereas
younger adults showed similar latencies for both regions (see Figure 2 for
waveforms).
Regional amplitude differences. To test age-related differences in foci of
activation on the oddball task, P3 amplitude was submitted to a 2 (age) X 2
(region) repeated measures ANOVA. An interaction of age and region was
confirmed, F(1,26)=6.782, p<.05. As depicted in Figure 5, older adults showed an
equipotential distribution over channels Fz and Pz, whereas younger adults
showed greater activity over parietal areas. Paired comparisons were conducted
to test for regional differences within both groups. A bonferroni correction of the
familywise error rate (alpha = .025) was applied to the two paired comparisons.
Within younger adults, a marginally significant difference between amplitude at
Pz and Fz was reported, f(11)=-2.339, p=.039. Older adults did not have any
significant differences between frontal and parietal activation, f(15)=1.441,
p=.170.
Hemispheric differences. A 2 (age) X 2 (hemisphere) X 2 (trial block:
first/second) repeated measures ANOVA was computed to test for age
differences in habituation of P3 in the frontal region, as measured by amplitude of
ICs. Waveforms of the P3 in both hemispheres and both trial blocks are
presented in Figure 6. A significant interaction between age and hemisphere was
observed, F(1,24)=5.785, p=.024. As depicted in Figure 7, older adults had
greater activation over the right hemisphere and younger adults had greater
activation over the left hemisphere. Bonferroni adjusted (alpha = .025) paired
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comparisons revealed that older adults had marginally significantly greater
activation in the right hemisphere compared to the left, f(13)=-2.253, p=.042, but
younger adults did not evidence a significant difference between the
hemispheres.
An interaction between age and trial block was also reported,
F(1,24)=8.232, p=.008 (Figure 8). Paired comparisons were computed to test for
group differences in each block of trials (averaged across hemispheres) and
differences between trial blocks within each group. Paired comparisons were
corrected using a bonferroni adjustment of familywise error rates (alpha = .025).
Within older adults, the earlier and later trials did not produce significantly
different activation in the frontal region, f(15)=1.552, p=.141. In younger adults,
the second half of trials produced greater activation than the first half of trials,
f(11)=-3.068, p=.011.
Neuropsychological correlates
Pearson correlation coefficients were calculated to quantify the
relationship between neuropsychological variables and the various
quantifications of P3 in older adults. These correlations are shown in Table 2.
Scatterplots of significant neuropsychological correlations are shown in Figure 9.
Discussion
The results of this study indicate that older adults have more equipotential
distribution of P3 over the scalp relative to younger adults and greater activity in
the frontal region is related to better working memory in older adults. The
experiment also found that older adults have hemispheric differences in the
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frontal P3; they have greater right hemisphere than younger adults and this
increase is related to poor inhibition.
Despite having no reported diagnoses of any neurocog nitive disorders, the
average score on the SLUMS for the older adults fell into the "mild
neurocog nitive disorder" (MNCD) range (Tariq et al., 2006). The current sample
had a remarkably higher age than most reported samples. This is a likely
explanation for the lower scores on the SLUMS, considering that a) with
increasing age, the rate of cognitive decline accelerates, meaning the oldest old
are more likely to have greater deficits and b) the SLUMS is very sensitive to mild
cognitive deficits (Tariq et al., 2006). The high levels of education in the sample
may also contribute to greater cognitive reserve, which may account for the
discrepancy between mild cognitive decline measured by the SLUMS and the
absence of observable functional deficits. Additionally, and perhaps most
importantly, the presence of mild neurocog nitive disorder in old age does not
necessarily imply pathological aging; in fact, cognitive decline is a function of
normal aging, with greater deficits in older age.
Consistent with the general slowing theory (Salthouse, 1996, 2000), older
adults showed slower response times to target tones and longer P3 latencies to
oddball stimuli with parietal regions showing the greatest neural slowing. Many
researchers contend that the slowing of neural processes causes behavioral
slowing (Birren & Fisher, 1995; Rypma & D’Esposito, 2000; Salthouse, 1996;
Zanto et al., 2010). De Jong et al. (1989) studied this phenomenon using oddball
P3. Although the authors did not find a relationship between response time and
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latency in older adults, they did find that older adults had longer P3 latencies.
They concluded that older adults devoted fewer neural resources to updating
working memory. Similar to the current results, Tachibana and colleagues (1992)
observed that latencies for both P3a and P3b are longer in older adults, and,
critically, there was greater slowing in the parietal P3b. Taken together with
results from the current study, this suggests that age-related cognitive slowing
effects parietal context updating processing more than novelty processing.
Despite the slower processing speed, accuracy on the task did not differ between
the two groups, indicating that the task was not particularly difficult for the older
adults compared to younger adults.
As expected, older adults showed a more equipotential distribution of P3
amplitude over frontal and parietal regions, compared to younger adults who had
greater parietal activation. Parietal P3b is thought to be a reflection of updating
and maintenance of working memory after initial stimulus processing (which is
reflected by P3a). Current results which show a reduction in parietal P3b are
consistent with reports that older adults exhibit age-related reduction of this
component as a reflection of more difficulty with automating contextual updating
(Fabiani et al., 1998; Fogelson et al., 2010; Walhovd & Fjell, 2003). Although
equipotentiality was observed, older adults did not have greater frontal activation
relative to younger adults. This finding is inconsistent with many of the findings
regarding the PASA and P3. While equipotential distribution of activity is
observed in all reports of the PASA, most, but not all, also report an increase in
frontal activation for older adults in conjunction with a reduction in parietal
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amplitude. Older adults failed to show any differences in frontal activation
compared to younger adults, although a reduction in parietal activity was
observed. Possible reasons for this finding are discussed later in this section.
Frontal P3 amplitude correlated positively with performance on the Nback, demonstrating that older adults who have better working memory also have
increased P3 amplitude in frontal regions during the oddball task. This is
evidence in support of the compensatory theory which predicts that working
memory performance is positively associated with frontal recruitment and this is
interpreted to indicate that frontal recruitment compensates for parietal deficits
and facilitates task performance. The current results demonstrating a relationship
between working memory and frontal recruitment are similar to other findings that
support the compensatory hypothesis (Cappell et al., 2010; Reuter-Lorenz, 2008;
Schneider-Garces et al., 2010). An extension of this hypothesis is that frontal
regions require increased activation to sustain working memory engagement to
compensate for parietal deficits (Fabiani et al., 1998; Fogelson et al., 2010;
Travers & West, 2008; Walhovd & Fjell, 2001; West, Schwarb, & Johnson, 2010).
Furthermore, the extent to which their working memory systems are functional
may be a determinant in how readily older adults recruit frontal networks.
Although the current findings show that working memory performance
corresponds with frontal activity, there remains uncertainty as to why there was
not an observed increase in frontal activation in older adults. The current sample
of older adults was highly educated (on average, over four years of college),
meaning they may have significant amounts of brain and cognitive reserve which
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enables their neural networks to remain similar to those of younger adults.
However, this is not a definitive explanation, as studies have reported that older
individuals with greater cognitive reserve also exhibit increased frontal activation
(Czernochowski et al., 2008). Research suggests that working memory capacity
limits the amount of additional neural activity that is recruited because, beyond
this capacity, there is no additional performance benefit for recruiting more
resources or there may be no additional resources available (Schneider-Garces
et al., 2010). It is possible that because there were several types of stimuli in the
ANIMAL task, older adults reached this critical threshold. In keeping with the
context updating theory, it is also possible that our sample of older adults did not,
on average, have any age-related differences in early stimulus evaluation and
attention mechanisms which are associated with frontal P3 or that there was no
added benefit to additional recruitment. This is supported by the finding that
accuracy on the oddball task was similar for both age groups. It is also plausible
that the amount of parietal deficits that were indexed by P3b reduction fall below
some threshold that activates the frontal component that gives rise to P3a.
Restated, although older adults on average had a reduced P3b, the deficits
caused by these neural changes may not be severe enough to warrant additional
frontal recruitment. Yet another possible explanation is that, on average, the
older adult sample did not require any additional frontal recruitment to
compensate for deficient oddball processing because the task was no more
difficult for them than it was for younger adults. The similarity between older and
younger participants on oddball task performance corroborates this suggestion.
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In line with previous findings that older adults have greater frontal P3a
because of an inability to habituate to infrequent but repeated stimuli caused by
poor working memory (Fabiani, 2012; Fabiani & Friedman, 1995; Polich &
Mclsaac, 1994; Richardson et al., 2011), one could speculate that the current
absence of age-related differences in frontal functioning might suggest that this
sample of older adults habituated to the target stimuli similarly to younger adults.
However, analyses of the ICA variables portray a rather complex pattern of
frontal activation and habituation. When trials were segmented into the first or
second blocks of trials averaged across both hemispheres, an interaction
between age and trial block was reported. Older adults showed equal ICA
amplitude for both blocks. This finding is consistent with the habituation
hypothesis: older adults process repeated target stimuli as novel and,
consequently, the activation in the frontal region remains similar throughout the
duration of the task. Note, however, that the difference between the two
averages is numerically quite large (Block 1: M= .437, SD=.402; Block 2: M=
.146, SD= .438) and the variances are also very large, which may have led to the
lack of significant differences. It is likely that with a larger sample size and
greater exclusion of outliers that the difference between the two blocks would be
significant. Although speculative, if this were to be the case, it would indicate that
older adults are habituating to the target tones in this task and this may be a
strong explanation for the activation in the frontal region similar to the younger
sample.
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However, prior research has indicated that older adults who habituate to
target stimuli have greater working memory than those who do not. West et al.
(2010) found evidence that older adults habituated to frequent oddball stimuli but
only if they had higher levels of executive function similar to younger adults; this
finding predicts that the present data should reveal a negative relationship
between working memory and frontal activation measured at the midline-in
direct contrast with the present findings. However, when measured laterally,
these predictions regarding habituation and working memory were upheld, but
only in the left hemisphere, such that older adults who had greater habituation in
the left hemisphere also had better performance on the N-back task. It is
proposed that working memory relates to habituation such that poor working
memory makes context updating difficult. Therefore, participants process
repeated incoming stimuli as new on each trial. However, the relationship
between left hemisphere habituation and working memory is difficult to interpret
because working memory is consistently found to be related to right-hemisphere
function (D’Esposito, Postle, Ballard, & Lease, 1999; Johnson, Raye, Mitchell,
Greene, & Anderson, 2003; Stern et al., 2000). Of particular interest is a study by
Arnott and colleagues (2005) that measured brain activity during an auditory
comparison task. Participants were tasked with determining whether two tones
were identical or not. The study found an increase in left prefrontal activity during
the comparison interval, during which participants are presumably engaging
various subprocesses of working memory. Additionally, some research suggests
that left hemisphere activity is greater for auditory and verbal task, and right
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hemisphere activity is greater during visual tasks . In one such study, left frontal
activity was associated with digit span (Fjell & Walhovd, 2001). Moreover, in our
sample, age was negatively associated with activity in the left hemisphere, which
indicates that age is related to degradations of left frontal functioning. There is a
possibility that age influences both habituation in the left hemisphere and working
memory, and therefore, both left hemisphere habituation and working memory
appear to be related. However, a post-hoc mediation analysis (Baron & Kenny,
1986) did not support this hypothesis. The current data do not afford a
satisfactory explanation for the relationship between working memory
performance and left hemisphere habituation, and the extant literature offers little
explanation, as well. More research is warranted to understand this relationship
in older adults.
A rather perplexing finding in the age by trial block interaction was that
younger adults have a neural response opposite of what is expected.
Habituation, which is reliably reported in younger adults, is characterized by
increased activation in earlier trials and a reduction in later trials. In this study,
younger adults had significantly less activation in Block 1 than in Block 2. There
were a number of participants who perhaps should have been excluded from
analysis for having outlying ICA amplitudes, but the sample size did not permit
exclusion. It is predicted that with a larger sample size, the effects of habituation
on younger adults should closely align with results reported consistently in the
literature.
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An interaction between age and hemisphere was also reported.
Specifically, older adults had greater activity over the right hemisphere while
younger adults showed no significant differences in lateralization. However,
similar to the previous statements, the reported means, while not significantly
different (possibly a consequence of high variance), indicated that younger adults
tended to have more activity over the left hemisphere. Without a larger sample, it
is impossible to make assertions on whether younger adults have more leftlateralized frontal activity or bilateral activity. However, it is clear from the present
study that older adults show more right-lateralized frontal activity during the
oddball task. Interestingly, slower response times were associated with greater
right frontal amplitude in older adults, which is opposite of the predictions by the
compensatory hypothesis. The negative correlation between oddball task
performance and right hemisphere activation suggests that right hemisphere
activity is a sign of inefficiency or poor interhemispheric connectivity (Dolcos et
al., 2002; Fabiani, 2012; Reuter-Lorenz, 2008). This is supported by the
relationship between habituation in the right hemisphere and performance on the
anti-saccade task. Participants with poorer performance on the inhibition task
showed less habituation to the target tones on the oddball task. These data are
congruent with the inefficient inhibition hypothesis of frontal activity. Researchers
have hypothesized that reduced inhibitory control makes it difficult for older
adults to filter irrelevant sensory information (Fabiani et al., 2006; Hasher,
Stoltzfus, Zacks, & Rypma, 1991; Hasher & Zacks, 1988; Schneider-Garces et
al., 2010), and this may cause older adults to process repeated stimuli as though
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they are novel. Fabiani and colleagues have also demonstrated that these
inhibitory deficits are related to performance deficits (Fabiani et al., 1998).
Moreover, Anderer et al., (2003) found evidence that P3a is right-lateralized and
suggest that stimulus discrimination that is integral to P3 generation is localized
to the right hemisphere. Thus, it is likely that the increase in right lateralized
activation in the current sample is a product of reduced inhibition, which also
causes poor habituation to repeated tones.
Additionally, increased activation in older adults is typically observed in the
same regions as younger adults, but in the opposite hemisphere (Reuter-Lorenz,
2008). Recall that younger adults tended to have left hemisphere asymmetry
(although the effect was non-significant). This may explain the absence of
differences in frontal activation for older adults relative to younger: Older adults
had disproportionately less activation in the left compared to the right
hemisphere, but when measured over the midline, the amount of frontal
activation was equal to that of younger adults, who have greater left than right
hemispheric activation.
As hypothesized, this study found evidence in support of the
compensatory hypothesis of the PASA. Greater activation in the frontal region
corresponded with better working memory and trended towards correlating with
better oddball task performance. It is impossible to say with certainty that this is
compensatory recruitment because a) the ERP was not measured concurrent
with the N-back task, and b) causal relationships cannot be established with
correlational data; however, it can be stated that people who engaged more
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frontal activity had better working memory than those who engaged less and
tended to have better task performance. Previous reports of frontal activation
provide the additional support needed to confidently assert that the currently
observed relationship is likely a result of compensatory mechanisms.
This study also found evidence for right lateralized activity during the
oddball task. Previous research on hemispheric differences in aging has been
inconclusive, with most researchers claiming that either the right side is more
sensitive to aging and thus expresses more asymmetry or that the aging brain
recruits bilateral resources to compensate for cognitive deficits. In general, this
study supports the right hemisphere aging hypothesis, on the basis that the right
frontal region was inefficiently processing target stimulus and habituation in the
hemisphere was related to disinhibition. Moreover, increases in right hemisphere
activity correlated with poorer task performance. However, the current study also
found evidence for age-related left hemisphere deficits and more research is
needed to understand the nature of these findings and how they may relate to
right hemisphere deficits.
The results showing that frontal hemispheric differences do not support
the compensatory hypothesis are in contrast to the finding that N-back
performance corresponds with increased frontal activity measured over the
midline. There are numerous neural generators of the P3 and they may not be
symmetrically distributed (Ji, Porjesz, Begleiter, & Chorlian, 1999; Walhovd &
Fjell, 2003). Previous research supports the assertion that changes in neural
functioning affect P3a and P3b differently (Fjell, Walhovd, & Reinvang, 2005;
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Zarahn, Rakitin, Abela, Flynn, & Stern, 2007). The current data suggest that
different generators of the P3a and P3b component are effected differentially by
normal aging and undergo different patterns of neural reorganization. A medial
frontal generator seems to be activated as a compensatory strategy to facilitate
performance and is related to working memory integrity (see DiGirolamo et al.,
2001). On the other hand, inefficiencies in other frontal generators, specifically
one(s) located in the right hemisphere, seem to be related to deficits of inhibition.
Based on this research and other, it is reasonable to conclude that the
aging brain undergoes many structural and functional changes that cannot be
encapsulated or explained by a single theory. Moreover, within the same study,
we found reductions in amplitude to be related to inefficient working memory and
increases in amplitude to be related to inefficient inhibition. For the two main
theories of cognitive aging-compensation and inefficient inhibition-positive
correlations support one and negative correlations support the other, and the
proponents of these theories use their findings to not only support their theory,
but to disprove the other. Given that the current data indicate that more than one
mechanism is differentially affecting cognition and neural reorganization in older
adults, it may be useful to not consider these theories incompatible with one
another and to identify which neural generators are related to which type of
reorganization. The current research is unable to identify specific neural
generators, as this is better suited for functional imaging. Thus, functional
imaging is a potential avenue to further test the various hypothesis proposed in
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the present study, particularly to isolate various neural generators of the P3 and
determine the effects of aging on their plasticity.

44

References
Alexander, G. E., Furey, M. L., Grady, C. L., Pietrini, P., Brady, D. R., Mentis, M.
J., & Schapiro, M. B. (1997). Association of premorbid intellectual function
with cerebral metabolism in Alzheimer’s disease: implications for the
cognitive reserve hypothesis. American Journal of Psychiatry, 154(2),
165-172.
Alexander, J. E., Porjesz, B., Bauer, L. O., Kuperman, S., Morzorati, S.,
O’Connor, S. J., ... Polich, J. (1995). P300 hemispheric amplitude
asymmetries from a visual oddball task. Psychophysiology, 32(5), 467475.
Anderer, P., Saletu, B., Semlitsch, H. ., & Pascual-Marqui, R. . (2003). Noninvasive localization of P300 sources in normal aging and age-associated
memory impairment. Neurobiology of Aging, 24(3), 463-479.
doi: 10.1016/S0197-4580(02)00058-1
Ansado, J., Monchi, O., Ennabil, N., Faure, S., & Joanette, Y. (2012). Loaddependent posterior-anterior shift in aging in complex visual selective
attention situations. Brain Research, 1454(0), 14-22.
doi:10.1016/j.brainres.2012.02.061
Arnott, S. R., Grady, C. L., Hevenor, S. J., Graham, S., & Alain, C. (2005). The
functional organization of auditory working memory as revealed by fMRI.
Journal of Cognitive Neuroscience, 17(5), 819-831.
Baron, R. M., & Kenny, D. A. (1986). The moderator-mediator variable distinction
in social psychological research: Conceptual, strategic, and statistical

45

considerations. Journal of personality and social psychology, 57(6), 1173—
1182.
Bennett, D. A. (2006). Postmortem indices linking risk factors to cognition: results
from the Religious Order Study and the Memory and Aging Project.
Alzheimer Disease & Associated Disorders, 20, S63-S68.
Berlingeri, M., Danelli, L., Bottini, G., Sberna, M., & Paulesu, E. (2013).
i

Reassessing the HAROLD model: Is the hemispheric asymmetry
reduction in older adults a special case of compensatory-related utilisation
of neural circuits? Experimental brain research, 224(3), 393-410.
Birren, J. E., & Fisher, L. M. (1995). Aging and speed of behavior: Possible
consequences for psychological functioning. Annual review of psychology,
46(1), 329-353.
Bonala, B. K., & Jansen, B. H. (2012). A computational model for generation of
the P300 evoked potential component. Journal of Integrative
Neuroscience, 77(03), 277-294. doi:10.1142/S0219635212500215 *
Borkowska, A., Drozdz, W., Jurkowski, P., & Rybakowski, J. K. (2009). The
Wisconsin Card Sorting Test and the N-back test in mild cognitive
impairment and elderly depression. The world journal of biological
psychiatry: the official journal of the World Federation of Societies of
Biological Psychiatry, 70(4 Pt 3), 870-876.
doi: 10.1080/15622970701557985

46

Braver, T. S., & West, R. (2008). Working memory, executive control, and aging.
In The Handbook of Aging and Cognition (3rd Ed.), (pp. 311-372). New
York, NY, US: Psychology Press.
Brumback, C. R., Gratton, G., & Fabiani, M. (2011). Age-related changes in
electrophysiological and neuropsychological indices of working memory,
attention control, and cognitive flexibility. Frontiers in psychology, 2.
Brumback, C. R., Low, K. A., Gratton, G., & Fabiani, M. (2005). Putting things
into perspective: individual differences in working-memory span and the
integration of information. Experimental psychology, 52(1), 21.
Cabeza, R. (2002). Hemispheric asymmetry reduction in older adults: the
HAROLD model. Psychology and aging, 17(1), 85-100.
Cabeza, R., Anderson, N. D., Locantore, J. K., & McIntosh, A. R. (2002). Aging
Gracefully: Compensatory Brain Activity in High-Performing Older Adults.
Neuroimage, 77(3), 1394-1402. doi:10.1006/nimg.2002.1280
Cappell, K. A., Gmeindl, L., & Reuter-Lorenz, P. A. (2010). Age differences in
prefontal recruitment during verbal working memory maintenance depend
on memory load. Cortex, 46(4), 462-473.
Chao, L. L., & Knight, R. T. (1997). Prefrontal deficits in attention and inhibitory
control with aging. Cerebral Cortex, 7(1), 63-69.
Chen, P., Goedert, K. M., Murray, E., Kelly, K., Ahmeti, S., & Barrett, A. M.
(2011). Spatial bias and right hemisphere function: Sex-specific changes
with aging. Journal of The International Neuropsychological Society, 17(3),
455.

Clapp, W. C., Rubens, M. T., Sabharwal, J., & Gazzaley, A. (2011). Deficit in
switching between functional brain networks underlies the impact of
multitasking on working memory in older adults. Proceedings of the
National Academy of Sciences, 108(17), 7212-7217.
Conroy, M. A., & Polich, J. (2007). Normative variation of P3a and P3b from a
large sample. Journal of Psychophysiology, 21(1), 22-32.
Corral, M., Rodriguez, M., Amenedo, E., Sanchez, J. L., & Diaz, F. (2006).
Cognitive reserve, age, and neuropsychological performance in healthy
participants. Developmental neuropsychology, 29(3), 479-491.
Czernochowski, D., Fabiani, M., & Friedman, D. (2008). Use it or lose it? SES
mitigates age-related decline in a recency/recognition task. Neurobiology
of aging, 29(6), 945-958.
D’Esposito, M., Postle, B., Ballard, D., & Lease, J. (1999). Maintenance versus
Manipulation of Information Held in Working Memory: An Event-Related
fMRI Study. Brain and cognition, 41, 66-86.
Davis, S. W., Dennis, N. A., Daselaar, S. M., Fleck, M. S., & Cabeza, R. (2008).
Que PASA? The Posterior-Anterior Shift in Aging. Cerebral Cortex, 18(5),
1201-1209. doi: 10.1093/cercor/bhm155
Davis, S. W., Kragel, J. E., Madden, D. J., & Cabeza, R. (2012). The architecture
of cross-hemispheric communication in the aging brain: linking behavior to
functional and structural connectivity. Cerebral Cortex, 22(1), 232-242.

48

De Frias, C. M., Lovden, M., Lindenberger, U., & Nilsson, L.-G. (2007). Revisiting
the dedifferentiation hypothesis with longitudinal multi-cohort data.
Intelligence, 35(4), 381-392.
De Jong, H. L., Kok, A., & Van Rooy, J. C. G. M. (1989). Stimulus probability and
motor response in young and old adults: An ERP study. Biological
Psychology, 29(2), 125-148. doi:10.1016/0301-0511(89)90034-3
Dennis, N. A., & Cabeza, R. (2008). Neuroimaging of healthy cognitive aging.
The handbook of aging and cognition, 3, 1-54.
Dennis, N. A., Hayes, S. M., Prince, S. E., Madden, D. J., Huettel, S. A., &
Cabeza, R. (2008). Effects of aging on the neural correlates of successful
item and source memory encoding. Journal of experimental psychology.
Learning, memory, and cognition, 34(4), 791.
DiGirolamo, G. J., Kramer, A. F., Barad, V., Cepeda, N. J., Weissman, D. H.,
Milham, M. P., ... McAuley, E. (2001). General and task-specific frontal
lobe recruitment in older adults during executive processes: A fMRI
investigation of task-switching. NeuroReport, 12(9).
Dixit, N., Gerton, B., Dohn, P., & Et al. (2000). Age-related changes in rCBF
activation during an n-back working memory paradigm occur prior to age
50. Neuroimage, 5, S94.
Dolcos, F., Rice, H., & Cabeza, R. (2002). Hemispheric asymmetry and aging:
right hemisphere decline or asymmetry reduction. Neuroscience and
biobehavioral reviews, 26(7), 819-825.

Donchin, E., Karis, D., Bashore, T. R., Coles, M. G. H., & Gratton, G. (1986).
Cognitive psychophysiology and human information processing.
Psychophysiology: Systems, processes, and applications, 244-267.
Donchin, Emanuel. (1981). Surprise!... surprise? Psychophysiology, 18(5), 493513.
Donchin, Emanuel, & Coles, M. (1988). Is the P300 component a manifestation
of context updating? Behavioral & Brain Sciences, 11(3), 357-427.
Donchin, Emanuel, & Coles, M. G. (1998). Context updating and the P300.
Behavioral and Brain Sciences, 21(01), 152-154.
Elias, M. F., & Kinsbourne, M. (1974). Age and sex differences in the processing
of verbal and nonverbal stimuli. Journal of Gerontology, 29(2), 162-171.
Emery, L., Heaven, T. J., Paxton, J. L., & Braver, T. S. (2008). Age-related
changes in neural activity during performance matched working memory
manipulation. Neuroimage, 42(4), 1577.
Fabiani, M. (2012). It was the best of times, it was the worst of times: a
psychophysiologist’s view of cognitive aging. Psychophysiology, 49(3),
283-304.
Fabiani, Monica, & Friedman, D. (1995). Changes in brain activity patterns in
aging: The novelty oddball. Psychophysiology, 32(6), 579-594.
doi: 10.1111 /j. 1469-8986.1995.tb01234.x
Fabiani, Monica, Friedman, D., & Cheng, J. C. (1998). Individual differences in
P3 scalp distribution in older adults, and their relationship to frontal lobe

50

function. Psychophysiology, 35(6), 698-708.
doi: 10.1017/S0048577298970780
Fabiani, Monica, Low, K. A., Wee, E., Sable, J. J., & Gratton, G. (2006). Reduced
Suppression or Labile Memory? Mechanisms of Inefficient Filtering of
Irrelevant Information in Older Adults. Journal of Cognitive Neuroscience,
18(4), 637-650. doi: 10.1162/jocn.2006.18.4.637
Fjell, A. M., & Walhovd, K. B. (2003). P3a and Neuropsychological “Frontal”
Tests in Aging. Aging, Neuropsychology, and Cognition, 10(3), 169-181.
doi: 10.1076/anec. 10.3.169.16450
Fjell, A. M., & Walhovd, K. B. (2005). Age-sensitivity of P3 in high-functioning
adults. Neurobiology of Aging, 26(9), 1297-1299.
doi:10.1016/j.neurobiolaging.2005.02.018
Fjell, A. M., Walhovd, K. B., & Reinvang, I. (2005). Age-dependent changes in
distribution of P3a/P3b amplitude and thickness of the cerebral cortex.
Neuroreport, 76(13), 1451-1454.
Fjell, A., & Walhovd, K. (2001). P300 and Neuropsychological Tests as Measures
of Aging: Scalp Topography and Cognitive Changes. Brain Topography,
14(1), 25—40. doi: 10.1023/A: 1012563605837
Fogelson, N., Shah, M., Bonnet-Brilhault, F., & Knight, R. T. (2010).
Electrophysiological evidence for aging effects on local contextual
processing. The Cognitive Neuroscience of Aging, 46(4), 498-506.
doi:10.1016/j.cortex.2009.05.007

Fratiglioni, L., Wang, H.-X., Ericsson, K., Maytan, M., & Winblad, B. (2000).
Influence of social network on occurrence of dementia: a communitybased longitudinal study. Lancet, 355(9212), 1315.
Friedman, D., Cycowicz, Y. M., & Gaeta, H. (2001). The novelty P3: an eventrelated brain potential (ERP) sign of the brain’s evaluation of novelty.
Neuroscience and biobehavioral reviews, 25(4), 355-373.
Friedman, D., Kazmerski, V. A., & Cycowicz, Y. M. (1998). Effects of aging on
the novelty P3 during attend and ignore oddball tasks. Psychophysiology,
35(5), 508-520.
Friedman, D., Kazmerski, V., & Fabiani, M. (1997). An overview of age-related
changes in the scalp distribution of P3b. Electroencephalography and
Clinical Neurophysiology/Evoked Potentials Section, 104(6), 498-513.
doi: 10.1016/S0168-5597(97)00036-1
Friedman, D., Nessler, D., Johnson, R., Ritter, W., & Bersick, M. (2007). AgeRelated Changes in Executive Function: An Event-Related Potential
(ERP) Investigation of Task-Switching. Aging, Neuropsychology, and
Cognition, 15(1), 95-128. doi: 10.1080/13825580701533769
Gazzaley, A., Clapp, W., Kelley, J., McEvoy, K., Knight, R. T., & D’Esposito, M.
(2008). Age-related top-down suppression deficit in the early stages of
cortical visual memory processing. Proceedings of the National Academy
of Sciences, 105(35), 13122-13126.

Gazzaley, A., Cooney, J. W., Rissman, J., & D’Esposito, M. (2005). Top-down
suppression deficit underlies working memory impairment in normal aging.
Nat Neurosci, 8(10), 1298-1300. doi: 10.1038/nn 1543
Gerhardstein, P., Peterson, M. A., & Rapcsak, S. Z. (1998). Age-related
hemispheric asymmetry in object discrimination. Journal of clinical and
experimental neuropsychology, 20(2), 174-185.
Gilmore, C. S., Malone, S. M., Bernat, E. M., & lacono, W. G. (2010).
Relationship between the P3 event-related potential, its associated
time-frequency components, and externalizing psychopathology.
Psychophysiology, 47(1), 123-132.
Goh, J. O. (2011). Functional dedifferentiation and altered connectivity in older
adults: neural accounts of cognitive aging. Aging and disease, 2(1), 30.
Goldstein, G., & Shelly, C. (1981). Does the right hemisphere age more rapidly
than the left? Journal of Clinical and Experimental Neuropsychology, 3(1),
65-78.
Gonsalvez, C. J., & Polich, J. (2002). P300 amplitude is determined by
target-to-target interval. Psychophysiology, 39(3), 388-396.
Gordon, B. A., Rykhlevskaia, E. I., Brumback, C. R., Lee, Y., Elavsky, S.,
Konopack, J. F., ... Gratton, G. (2008). Neuroanatomical correlates of
aging, cardiopulmonary fitness level, and education. Psychophysiology,
45(5), 825-838.
Grady, C., Maisog, J. M., Horwitz, B., Ungerleider, L., Mentis, M., Salerno, J., ...
Haxby, J. (1994). Age-Related Changes in Cortical Blood Flow Activation

53

During Visual Processing of Faces and Location. The Journal of
Neuroscience, 14(3), 1450-1462.
Grossman, M., Cooke, A., DeVita, C., Alsop, D., Detre, J., Chen, W., & Gee, J.
(2002). Age-related changes in working memory during sentence
comprehension: an fMRI study. Neuroimage, 15(2), 302-317.
Gutchess, A. H., Welsh, R. C., Hedden, T., Bangert, A., Minear, M., Liu, L. L., &
Park, D. C. (2005). Aging and the neural correlates of successful picture
encoding: frontal activations compensate for decreased medial-temporal
activity. Journal of Cognitive Neuroscience, 17(1), 84-96.
Hartikainen, K. M., & Knight, R. T. (2003). Lateral and orbital prefrontal cortex
contributions to attention. In Detection of Change (pp. 99-116). Springer.
Hartley, A. A., Jonides, J., & Sylvester, C.-Y. C. (2011). Dual-task processing in
younger and older adults: Similarities and differences revealed by fMRI.
Brain and cognition, 75(3), 281-291.
Hasher, L., Stoltzfus, E. R., Zacks, R. T., & Rypma, B. (1991). Age and inhibition.
Journal of experimental psychology: Learning, memory, and cognition,
17(1), 163-169.
Hasher, L., & Zacks, R. T. (1988). Working memory, comprehension, and aging:
A review and a new view. In The Psychology of Learning and Motivation:
Advances in Research and Theory, Vol. 22. (pp. 193-225). San Diego,
CA, US: Academic Press.
Hazlett, E. A., Buchsbaum, M. S., Mohs, R. C., Spiegel-Cohen, J., Wei, T.-C.,
Azueta, R

Luu-Hsia, C. (1998). Age-related shift in brain region

54

activity during successful memory performance. Neurobiology of aging,
19(5), 437-445.
Isreal, J. B., Chesney, G. L., Wickens, C. D., & Donchin, E. (1980). P300 and
tracking difficulty: Evidence for multiple resources in dual-task
performance. Psychophysiology, 17(3), 259-273.
Ji, J., Porjesz, B., Begleiter, H., & Chorlian, D. (1999). P300: the similarities and
differences in the scalp distribution of visual and auditory modality. Brain
topography, 11(4), 315-327.
Johnson, J. D., Allana, T. N., Medlin, M. D., Harris, E. W., & Karl, A. (2013).
Meta-Analytic Review of P3 Components in Posttraumatic Stress Disorder
and Their Clinical Utility. Clinical EEG and Neuroscience.
Johnson, M. K., Raye, C. L., Mitchell, K. J., Greene, E. J., & Anderson, A. W.
(2003). fMRI evidence for an organization of prefrontal cortex by both type
of process and type of information. Cerebral Cortex, 13(3), 265-273.
Jongsma, M. L. A., Van Rijn, C. M., Gerrits, N. J. H. M., Eichele, T.,
Steenbergen, B., Maes, J. H. R., & Quian Quiroga, R. (2013). The
learning-oddball paradigm: Data of 24 separate individuals illustrate its
potential usefulness as a new clinical tool. Clinical Neurophysiology,
124(3), 514-521. doi:10.1016/j.clinph.2012.09.009
Jung, T.-P., Makeig, S., Westerfield, M., Townsend, J., Courchesne, E., &
Sejnowski, T. (2000). Removal of Eye Activity Artifacts from Visual Eventrelated Potentials in Normal and Clinical Subjects. Clinical
Neurophysiology, 111, 1745-1758.

Jurgens, C. K., Van Der Hiele, K., Reijntjes, R., Van De Wiel, L., Witjes-Ane, M.
N. W., Van derGrond, J., ... Van Dijk, J. G. (2011). Basal ganglia volume
is strongly related to P3 event-related potential in premanifest
Huntington’s disease. European Journal of Neurology, 18(8), 1105-1108.
Katayama, J., & Polich, J. (1998). Stimulus context determines P3a and P3b.
Psychophysiology, 35(1), 23-33.
Kennedy, K. M., & Raz, N. (2009). Aging white matter and cognition: differential
effects of regional variations in diffusion properties on memory, executive
functions, and speed. Neuropsychologia, 47(8), 916.
Kieffaber, P., & Hetrick, W. (2005). Event-related potential correlates of task
switching and switch costs. Psychophysiology, 42(1), 56-71.
Kramer, A. F., Wickens, C. D., & Donchin, E. (1985). Processing of stimulus
properties: Evidence for dual-task integrality. Journal of experimental
psychology. Human perception and performance, 11(4), 393.
Logan, J. M., Sanders, A. L., Snyder, A. Z., Morris, J. C., & Buckner, R. L.
(2002). Under-recruitment and nonselective recruitment: dissociable
neural mechanisms associated with aging. Neuron, 33(5), 827-840.
Madden, D. J., Costello, M. C., Dennis, N. A., Davis, S. W., Shepler, A. M.,
Spaniol, J., ... Cabeza, R. (2010). Adult age differences in functional
connectivity during executive control. Neuroimage, 52(2), 643.
Makeig, S., Bell, A., Jung, T.-P., & Sejnowski, T. (1996). Independent
Component Analysis of Electroencephalographic Data (Vol. 8, pp. 145151). Cambridge, MA: MIT Press.

McDowell, K., Kerick, S. E., Santa Maria, D. L., & Hatfield, B. D. (2003). Aging,
physical activity, and cognitive processing: an examination of P300.
Neurobiology of aging, 24(4), 597-606.
Meulenbroek, O., Petersson, K. M., Voermans, N., Weber, B., & Fernandez, G.
(2004). Age differences in neural correlates of route encoding and route
recognition. Neuroimage, 22(4), 1503.
Michielse, S., Coupland, N., Camicioli, R., Carter, R., Seres, P., Sabino, J., &
Malykhin, N. (2010). Selective effects of aging on brain white matter
microstructure: a diffusion tensor imaging tractography study.
Neuroimage, 52(4), 1190.
Min Jing, Sanei, S., & Sumich, A. (2004). An automatic detection and localization
of P300 sub-components using ICA. Biomedical Circuits and Systems,
2004 IEEE International Workshop on, S3/6-S1-4.
doi: 10.1109/BIOCAS.2004.1454167
Munoz, D. P., & Everling, S. (2004). Look away: the anti-saccade task and the
voluntary control of eye movement. Nat Rev Neurosci, 5(3), 218-228.
doi: 10.1038/nrn 1345
Nash, A. J., & Fernandez, M. (1996). P300 and allocation of attention in dual
tasks. International journal of psychophysiology, 23(3), 171-180.
Nyberg, L., Sandblom, J., Jones, S., Neely, A. S., Petersson, K. M., Ingvar, M., &
Backman, L. (2003). Neural correlates of training-related memory
improvement in adulthood and aging. Proceedings of the National
Academy of Sciences, 100(23), 13728-13733.

57

Park, D. C., Polk, T. A., Park, R., Minear, M., Savage, A., & Smith, M. R. (2004).
Aging reduces neural specialization in ventral visual cortex. Proceedings
of the National Academy of Sciences of the United States of America,
101(35), 13091-13095.
Polich, J. (2007). Updating P300: an integrative theory of P3a and P3b. Clinical
Neurophysiology, 118(10), 2128-2148.
Polich, John. (1988). Bifurcated P300 peaks: P3a and P3b revisited? Journal of
Clinical Neurophysiology, 5(3), 287-294.
Polich, John. (1990a). P300, probability, and interstimulus interval.
Psychophysiology, 27(4), 396-403.
Polich, John. (1990b). Probability and inter-stimulus interval effects on the P300
from auditory stimuli. International journal of psychophysiology, 10(2),
163-170.
Polich, John, & Mclsaac, H. K. (1994). Comparison of auditory P300 habituation
from active and passive conditions. International journal of
psychophysiology, 17(1), 25-34.
Reuter-Lorenz, P. A. (2002). New visions of the aging mind and brain. Trends in
Cognitive Sciences, 6(9), 394-400. doi: 10.1016/S1364-6613(02)01957-5
Reuter-Lorenz, P. A. C. (2008). Neurocognitive Aging and the Compensation
Hypothesis. Current Directions in Psychological Science (WileyBlackwell), 17(3), 177-182.
Reuter-Lorenz, P. A., Jonides, J., Smith, E. E., Hartley, A., Miller, A., Marshuetz,
C., & Koeppe, R. A. (2000). Age Differences in the Frontal Lateralization

58

of Verbal and Spatial Working Memory Revealed by PET. Journal of
Cognitive Neuroscience, 12(1), 174-187. doi:10.1162/089892900561814
Reuter-Lorenz, P. A., & Park, D. C. (2010). Human neuroscience and the aging
mind: a new look at old problems. The Journals of Gerontology Series B:
Psychological Sciences and Social Sciences, 65(4), 405-415.
Reuter-Lorenz, P. A., Stanczak, L., & Miller, A. C. (1999). Neural recruitment and
cognitive aging: Two hemispheres are better than one, especially as you
age. Psychological Science, 10(6), 494-500.
Richardson, C., Bucks, R. S., & Hogan, A. M. (2011). Effects of aging on
habituation to novelty: An ERP study. International Journal of
Psychophysiology, 79(2), 97-105.
Riis, J. L., Chong, H., Ryan, K. K., Wolk, D. A., Rentz, D. M., Holcomb, P. J., &
Daffner, K. R. (2008). Compensatory neural activity distinguishes different
patterns of normal cognitive aging. Neuroimage, 39(1), 441-454.
doi:10.1016/j.neuroimage.2007.08.034
Rosenfeld, J. P., Biroschak, J. R., Kleschen, M. J., & Smith, K. M. (2005).
Subjective and objective probability effects on P300 amplitude revisited.
Psychophysiology, 42(3), 356-359.
Rush, B. K., Barch, D. M., & Braver, T. S. (2006). Accounting for cognitive aging:
context processing, inhibition or processing speed? Aging,
Neuropsychology; and Cognition, 13(3-4), 588-610.
Ruzzoli, M., Pirulli, C., Brignani, D., Maioli, C., & Miniussi, C. (2012). Sensory
memory during physiological aging indexed by mismatch negativity

59

(MMN). Neurobiology of Aging, 33(3), 625.e21-625.e30.
doi:10.1016/j.neurobiolaging.2011.03.021
Rypma, B., & D’Esposito, M. (2000). Isolating the neural mechanisms of agerelated changes in human working memory. Nature neuroscience, 3(5),
509-515.
Salthouse, T. A. (1996). The processing-speed theory of adult age differences in
cognition. Psychological review, 103(3), 403-427.
Salthouse, T. A. (2000). Aging and measures of processing speed. Biological
psychology, 54(1-3), 35-54.
Salthouse, T. A. (2009). When does age-related cognitive decline begin?
Neurobiology of Aging, 30(4), 507-514.
doi:10.1016/j.neurobiolaging.2008.09.023
Salthouse, T. A., & Meinz, E. J. (1995). Aging, inhibition, working memory, and
speed. The Journals of Gerontology Series B: Psychological Sciences and
Social Sciences, 50(6), P297-P306.
Scarmeas, N., Levy, G., Tang, M.-X., Manly, J., & Stern, Y. (2001). Influence of
leisure activity on the incidence of Alzheimer’s disease. Neurology, 57(12),
2236-2242.
Scarmeas, N., Zarahn, E., Anderson, K. E., Habeck, C. G., Hilton, J., Flynn, J.,
... Van Heertum, R. L. (2003). Association of life activities with cerebral
blood flow in Alzheimer disease: implications for the cognitive reserve
hypothesis. Archives of Neurology, 60(3), 359.

Schneider-Garces, N. J., Gordon, B. A., Brumback-Peltz, C. R., Shin, E., Lee, Y.,
Sutton, B. P., ... Fabiani, M. (2010). Span, CRUNCH, and beyond:
working memory capacity and the aging brain. Journal of Cognitive
Neuroscience, 22(4), 655-669.
Schuff, N., Tosun, D., Insel, P. S., Chiang, G. C., Truran, D., Aisen, P. S., ...
Weiner, M. W. (2012). Nonlinear time course of brain volume loss in
cognitively normal and impaired elders. Neurobiology of aging, 33(5),
845-855.
Sergent, J., OHTA, S., & MACDONALD, B. (1992). Functional neuroanatomy of
face and object processing A positron emission tomography study. Brain,
175(1), 15-36.
Solbakk, A.-K., Alpert, G. F., Furst, A. J., Hale, L. A., Oga, T., Chetty, S.....
Knight, R. T. (2008). Altered prefrontal function with aging: insights into
age-associated performance decline. Brain research, 1232, 30.
Spear, P. D. (1993). Neural bases of visual deficits during aging. Vision research,
33(18), 2589-2609.
Squires, K., Wickens, C., Squires, N., & Donchin, E. (1976). The effect of
stimulus sequence on the waveform of the cortical event-related potential.
Science, 793(4258), 1142-1146.
St Jacques, P., Dolcos, F., & Cabeza, R. (2010). Effects of aging on functional
connectivity of the amygdala during negative evaluation: A network
analysis of fMRI data. Neurobiology of aging, 37(2), 315-327.

61

Steffener, J., & Stern, Y. (2012). Exploring the neural basis of cognitive reserve
in aging. Imaging Brain Aging and Neurodegenerative Disease, 1822(3),
467—473. doi: 10.1016/j.bbadis.2011.09.012
Stern, C. E., Owen, A. M., Tracey, I., Look, R. B., Rosen, B. R., & Petrides, M.
(2000). Activity in ventrolateral and mid-dorsolateral prefrontal cortex
during nonspatial visual working memory processing: evidence from
functional magnetic resonance imaging. Neuroimage, 11(5), 392-399.
Stern, Y. (2002). What is cognitive reserve? Theory and research application of
the reserve concept. Journal of the International Neuropsychological
Society, 8(03), 448-460.
Stern, Y. (2009). Cognitive reserve. Neuropsychologia, 47(10), 2015-2028.
Stern, Y., Alexander, G. E., Prohovnik, I., & Mayeux, R. (1992). Inverse
relationship between education and parietotemporal perfusion deficit in
Alzheimer’s disease. Annals of neurology, 32(3), 371-375.
Tachibana, H., Toda, K., & Sugita, M. (1992). Age-related changes in attended
and unattended P3 latency in normal subjects. The International journal of
neuroscience, 66(3-4), 277.
Tariq, S. H., Tumosa, N., Chibnall, J. T., Perry, M. H., 3rd, & Morley, J. E. (2006).
Comparison of the Saint Louis University mental status examination and
the mini-mental state examination for detecting dementia and mild
neurocognitive disorder-a pilot study. The American journal of geriatric
psychiatry: official journal of the American Association for Geriatric
Psychiatry, 14(11), 900-910. doi: 10.1097/01.JGP.0000221510.33817.86

62

Travers, S., & West, R. (2008). Neural correlates of cue retrieval, task set
reconfiguration, and rule mapping in the explicit cue task switching
paradigm. Psychophysiology, 45(4), 588-601. doi:10.1111/j.14698986.2008.00658.x
Tsujii, T., Okada, M., & Watanabe, S. (2010). Effects of aging on hemispheric
asymmetry in inferior frontal cortex activity during belief-bias syllogistic
reasoning: a near-infrared spectroscopy study. Behavioural brain
research, 210(2), 178-183.
Vanhoucke, E., Cousin, E., & Baciu, M. (2013). Hemispheric asymmetry
modulation for language processing in aging: meta-analysis of studies
using the dichotic listening test. Geriatrie et psychologie neuropsychiatrie
du vieillissement, 11(1), 57-64.
Verhaeghen, P., & Cerella, J. (2002). Aging, executive control, and attention: a
review of meta-analyses. Neuroscience & Biobehavioral Reviews, 26(7),
849-857. doi: 10.1016/S0149-7634(02)00071-4
Walhovd, K. B., & Fjell, A. M. (2003). The relationship between P3 and
neuropsychological function in an adult life span sample. Biological
Psychology, 62(1), 65-87. doi: 10.1016/S0301-0511(02)00093-5
Walhovd, K., & Fjell, A. (2001). Two- and three-stimuli auditory oddball ERP
tasks and neuropsychological measures in aging. Neuroreport, 12(14),
3149-3153.
Wasylyshyn, C., Verhaeghen, P., & Sliwinski, M. J. (2011). Aging and task
switching: A meta-analysis. Psychology and aging, 26(1), 15.

63

Weissman, D. H., & Banich, M. T. (2000). The cerebral hemispheres cooperate
to perform complex but not simple tasks. NEUROPSYCHOLOGY-NEW
YORK-, 14( 1), 41-59.
Weisz, J., & Czigler, I. (2006). Age and novelty: Event-related brain potentials
and autonomic activity. Psychophysiology, 43(3), 261-271.
West, R., Schwarb, H., & Johnson, B. N. (2010). The influence of age and
individual differences in executive function on stimulus processing in the
oddball task. The Cognitive Neuroscience of Aging, 46(4), 550-563.
doi:10.1016/j.cortex.2009.08.001
Wickens, C., Kramer, A., Vanasse, L., & Donchin, E. (1983). Performance of
concurrent tasks: A psychophysiological analysis of the reciprocity of
information-processing resources. Science, 227(4615), 1080-1082.
Wilson, M. J., Harkrider, A. W., & King, K. A. (2012). Effects of Complexity of
Visual Distracters on Attention and Information Processing Speed
Reflected in Auditory P300. Ear and hearing, 33(4), 480-488.
Wilson, R. S., De Leon, C. F. M., Barnes, L. L., Schneider, J. A., Bienias, J. L.,
Evans, D. A., & Bennett, D. A. (2002). Participation in cognitively
stimulating activities and risk of incident Alzheimer disease. JAMA: the
journal of the American Medical Association, 287(6), 742-748.
Zanto, T. P., Toy, B., & Gazzaley, A. (2010). Delays in neural processing during
working memory encoding in normal aging. Neuropsychologia, 48(1), 13.
Zarahn, E., Rakitin, B., Abela, D., Flynn, J., & Stern, Y. (2007). Age-related
changes in brain activation during a delayed item recognition task.

64

Neurobiology of Aging, 28(5), 784-798.
doi:10.1016/j.neurobiolaging.2006.03.002

65

Table 1
Performance on Neuropsychological Assessments
Min

Max

Mean

SLUMS

16

29

22.56

Standard
Deviation
3.77

N-back

70.54

97.56

86.42

8.05

Anti-Saccade

3.33

76.67

36.25

25.33

Oddball RT
353.18
659.72
506.85
85.99
Oddball
20.00
98.33
71.35
26.97
Accuracy
Notes. All units are percent correct, except for Oddball RT, for which units are
milliseconds.
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P3

0 100 200 300 400 500
Time after stimulus (milliseconds)
Figure 1. Sample event related potential and components. Prototypical auditory
event related potential and basic auditory sensory components.
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Figure 2. Grand average waveforms. Average responses for both younger and
older adults to the deviant P3 tone at channels Fz and Pz.
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Figure 3. ICA headplots and waveforms. Topographic distribution and
corresponding waveforms of the two selected ICs averaged across all
participants.
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Figure 4. P3 Latency by age and region. Average latency of oddball P3 in
younger and older adults at channels Fz and Pz.
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Figure 5. P3 ERP amplitude by age and region. Average amplitude of oddball P3
in younger and older adults at channels Fz and Pz.
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Figure 7. P3 ICA amplitude by age and hemisphere. Average amplitude of P3
ICs in younger and older adults in both the left and right hemispheres.
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Figure 8. ICA amplitude by age and trial block. Average amplitude of ICs in
younger and older adults in the first and second halves of the oddball task.
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Figure 9. Correlations. Scatterplots of the significant correlations between age
and Left ICA amplitude (a); N-back scores and P3 amplitude at Fz (b); N-back
scores and left hemisphere habituation (c); Anti-saccade performance and right
hemisphere habituation (d); Response time and ICA amplitude over the right
hemisphere (e); Accuracy and ICA amplitude over the right hemisphere (f).
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